Abstract Sky models have been used in the past to calibrate individual low radio frequency telescopes. Here we generalize this approach from a single antenna to a two element interferometer and formulate the problem in a manner to allow us to estimate the flux density of the Sun using the normalized cross-correlations (visibilities) measured on a low resolution interferometric baseline. For wide fieldof-view instruments, typically the case at low radio frequencies, this approach can provide robust absolute solar flux calibration for well characterized antennas and receiver systems. It can provide a reliable and computationally lean method for extracting parameters of physical interest using a small fraction of the voluminous interferometric data, which can be prohibitingly compute intensive to calibrate and image using conventional approaches. We demonstrate this technique by applying it to data from the Murchison Widefield Array and assess its reliability.
Introduction
Modern low radio frequency arrays use active elements to provide sky noise dominated signal over large bandwidths (e.g., LOFAR, LWA and MWA). At these long wavelengths it is hard to build test setups to determine the absolute calibration for antennas or antenna arrays. Models of the radio emission from the sky have, however, successfully been used to determine absolute calibration of active element arrays (Rogers et al., 2004) . Briefly, the idea is that the power output of an antenna, W, can be modeled as:
where LST is the local sidereal time; i is an index to label antennas; g i is the instrumental gain of the i th antenna; * represents complex conjugation; V i is the voltage measured by the radio frequency probe and angular brackets denote averaging over time. In temperature units, V i V * i is itself given by:
where A e is the effective collecting area of the antenna; ∆ν is the bandwidth over which the measurement is made; s is a direction vector in a coordinate system tied to the antenna (e.g., altitude-azimuth); T Sky (s) is the sky brightness temperature distribution; P N (s) is the normalized power pattern of the antenna; dΩ represents the integration over the entire solid angle; and T Rec is the receiver noise temperature and also includes all other terrestrial contributions to the antenna noise. The sky rotates above the antenna at the sidereal rate, hence the measured W is a function of the local sidereal time. The presence of strong large scale features in T Sky lead to a significant sidereal variation in W , even when averaged over the wide beams of the low radio frequency antennas. If a model for T sky (s) is available at the frequency of observation and P N (s) is independently known, the integral in Eq. 2 can be evaluated. Assuming that either g is stable over the period of observation, or that its variation can be independently calibrated, the only unknowns left in Eqs. 1 and 2 are T Rec and the instrumental gain g. Rogers et al. (2004) successfully fitted the measurements with a model for the expected sidereal variation and determined both these free parameters. This method requires observations spanning a large fraction of a sidereal day to be able to capture significant variation in W . As T sky (s) does not include the Sun, which usually dominates the antenna temperature, T Ant , at low radio frequencies, such observations tend to avoid the times when the Sun is above the horizon. Our aim is to achieve absolute flux calibration for the Sun. With this objective, we generalize the idea of using T Sky for calibrating an active antenna described above, from total power observations with a single element to a two element interferometer with well characterized active antenna elements and receiver systems. Further, we pose the problem of calibration in a manner which allows us take advantage of the known antenna parameters to compute the solar flux using a sky model. We demonstrate this technique on data from the Murchison Widefield Array (MWA) which operates in the 80-300 MHz band. A precursor to the Square Kilometre Array, the MWA is located in the radio quiet Western Australia. Technical details about the MWA design are available in Lonsdale et al. (2009); Tingay et al. (2013) . The MWA science case is summarized in Bowman et al. (2013) and includes solar, heliospheric and ionospheric studies among its key science focii.
With its densely sampled u − v plane and the ability to provide spectroscopic imaging data at comparatively high time and spectral resolution, the MWA is very well suited for imaging the spectrally complex and dynamic solar emission (Oberoi et al., 2011) . Using the MWA imaging capabilities to capture the low level variations seen in the MWA solar data requires imaging at high time and frequency resolutions, 0.5 s and about hundred kHz, respectively. In addition, the large number of the elements of the MWA (128), which give it good imaging capabilities, also lead to an intrinsically large data rate (about 1 TB/hour for the usual solar observing mode). Hence, imaging large volumes of solar MWA data is challenging from perspectives ranging from data transport logistics, to computational and human resources needed. Hence, a key motivation for this work was to develop a computationally inexpensive analysis technique capable of extracting physically interesting information from a small fraction of these data without requiring full interferometric imaging. Such a technique also needs to be amenable to automation so that it can realistically be used to analyze large data-sets spanning thousands of hours.
The basis of this technique is formulated in Sec. 2 and its implementation for the MWA data is described in Sec. 3. The results and a study of the sources of random and systematic errors are presented in sections 4 and 5, respectively. A discussion is presented in Sec. 6, followed by the conclusions in Sec. 7.
Formalism
The response of a baseline to the sky brightness distribution, I(s), can be written as
where V (b) is the measured cross correlation for the baseline b; A e is the effective collecting area of the antennas; ∆ν is the bandwidth over which the measurement is made; I(s) is the sky brightness distribution and P N (s) is the normalized antenna power pattern (Taylor et al., 1999) . The antennas forming the baseline are assumed to be identical. In terms of vector components this can be expressed as follows:
where u, v and w are the components of the baseline vector b, expressed in units of λ, in a right handed Cartesian coordinate system with u pointing towards the local east, v towards the local north and w along the direction of the phase center, and l, m and n are the corresponding direction cosines with their origin at the phase center (Taylor et al., 1999) . Compensation for the geometric delay between the signals arriving at the two ends of the baseline prior to their multiplication leads to the introduction of the minus one in the coefficient of w in the exponential. It is assumed that ∆ν is narrow enough that variations of P and I with ν can be ignored. We assume both the signal chains involved to also be identical. In terms of the various sources of signal and noise contributing noise power to an interferometric measurement, the normalized cross-correlation coefficient, r N , measured by a baseline can be written as
The numerator represents the signal power which is correlated between the two elements forming the baseline, T b , and the denominator is the sum of all the various contributions to the noise power of the individual elements. T Rec represents the noise contribution of the signal chain, T P ick−up the noise power picked up from the ground and T Sky the beam-averaged noise contribution from the sky visible to the antenna beam. T Sky is given by (Taylor et al., 1999) :
Here Ω P is the solid angle of the normalized antenna beam, P N . The advantage of using a normalized quantity like r N is that, unlike Eq. 1, it is independent of instrumental gains, g i s.
For reasonably well characterized instruments, reliable estimates for P (s), T Rec and T P ick−up are available from a mix of models and measurements. Prior work by Rogers et al. (2004) has demonstrated that for antennas with wide fields of view, which allow for averaging over small angular scale variations, the 408 MHz all sky map by Haslam et al. (1982) , scaled using an appropriate spectral index, can be used as a suitable sky model. As the sky model does not include the Sun, for solar observations T Sky is modeled as the sum of contribution of the sky model as given in Eq. 6 and the beam-averaged contribution of the Sun, T ⊙,P . The angular size of radio Sun can be a large fraction of a degree. So for estimating solar flux, one needs baselines short enough that their angular resolution is much larger than the angular size of the Sun. The best suited baselines are the ones which resolve out the bulk of the smooth large angular scale Galactic emission averages out over the wide fieldof-view while retaining practically the entire solar emission. In order to account appropriately for the sky model emission picked up by the baseline, T b Sky , the numerator of Eq. 5 is modeled as
Given the geometry of the baseline, T b Sky can be computed by incorporating the phase term reflecting the baseline response from Eq. 4 in Eq. 6,
Thus, for solar observations, Eq. 5 can be written as
The LHS of Eq. 9 is the measured quantity and once T Sky and T b Sky are available from a model, the only remaining unknown on the RHS is T ⊙,P . Once T ⊙,P has been computed, the flux density of the Sun, S ⊙ , is given by
One can thus estimate S ⊙ using measurements from a single interferometric baseline from a wide field of view instrument. Additionally, if the angular size of the Sun, Ω ⊙ , is independently known, the average brightness temperature of the Sun, T ⊙ , is given by
Implementation
To illustrate this approach we use data from the MWA taken on September 3, 2013 as a part of the solar observing proposal G0002 from 04:00:40 to 04:04:48. One GOES C1.3 class and 4 GOES B class flares were reported on this day. Six minor type III radio bursts and one minor type IV radio burst were also reported. Overall the level of activity reported on this day was classified as low by solarmonitor.org.
The MWA provides the flexibility to spread the observing bandwidth across the entire RF band in 24 pieces, each 1.28 MHz wide, providing a total observing bandwidth of 30.72 MHz. These data were taken in the so called picket-fence mode where 12 groups of 2 contiguous coarse channels were distributed across the 80-300 MHz band in a roughly log-spaced manner. Here we work with the 10 spectral bands at 100 MHz and above. The time and frequency resolution of these data are 0.5 s and 40 kHz, respectively. Some of the spectral channels suffer from instrumental artifacts, and were not used in this study.
For an interferometric baseline Eq. 1 can be generalized to
where i and j are labels for the antennas comprising the baseline, and the corresponding generalization for Eq. 2 is given in Eqs. 3 or 4. The LHS of Eq. 9 is the measurable and is constructed as given below from the observed quantities:
It is evident from Eqs. 12 and 13 that r N,⊙ is independent of the instrumental gain terms, making it suitable for the present application. In the following subsections we discuss the various terms in Eq. 9 needed for estimating T ⊙,P .
P N (s) and T P ick−up
Detailed electromagnetic simulations of the MWA antenna elements, referred to as tiles, including the effects of mutual coupling and finite ground screen, have been done to compute reliable models for P N (s) in the 100-300 MHz band. These simulations compute the embedded patterns using a numerical electromagnetic code (FEKO). The MWA tiles comprise 16 dual-polarization active elements arranged in a 4 × 4 grid placed on a 5m × 5m ground screen. For efficiency of computing, we assume that a tile has only 4 distinct embedded patterns from which all 16 can be obtained by rotation and mirror reflection. The full geometry is placed on welded wire ground screen over a dielectric earth. These simulations also allow us to compute the ground loss. The beam pattern for a given direction is the vector sum of the embedded patterns for each of the 16 elements using the appropriate geometric phase delays. The embedded patterns change slowly with frequency and we compute and store the real and imaginary parts for each polarization every 10 MHz at a 1 • × 1 • azimuth-elevation grid for all the 4 embedded patterns. Using these embedded pattern files, we can interpolate to compute the beam patterns for any given frequency and direction. We also determine the ground loss as a function of frequency in terms of noise power which will be added to the receiver and sky noise. This contribution to noise power, referred to as T P ick−up , varies between 10-20 K. An example MWA beam pattern at 238 MHz is shown in the top panel of Fig. 1 for an azimuth and zenith angle of 0.0
• and 36.4
• , respectively.
T Rec
The T Rec for the MWA has been modeled based on the radio frequency design and signal chain, and successfully verified against field measurements. Though all MWA tiles are identical in design, they lie at differing distances from the receiver units where the data is digitized. A few different flavors of cables are used to connect them to the receivers. The value of T Rec for a tile depends on the length and characteristics of this cable. Here we have chosen to work only with the tiles using the shortest cable runs (90 m), which also give the best T Rec performance. For these tiles the T Rec is close to 35 K at 100 MHz, drops gradually to about 20 K at 180 MHz and then increases smoothly to about 30 K at 300 MHz.
Choice of sky model and spectral index
The Haslam et al. (1982) all-sky map at 408 MHz, with an angular resolution of 0.
• 85, zero level offset estimated to be better than 2 K and random temperature errors on final maps < 0.5 K (Haslam et al., 1981) , is the best suited map for our application. Its reliability has been independently established in prior work (Rogers et al., 2004) and it is routinely used as the sky model at low radio frequencies. A spectral index is used to translate the map to the frequency of interest. The observed radio emission comes from both Galactic and extra-galactic sources and it is commonly assumed that the emission spectrum, Haslam et al. (1982) 408 MHz map with an α = −2.55. The bottom panel shows the cosine part of the phase term in the integrand in Eq. 4 for baseline v=6.19, w=4 .56) at 238 MHz. All the panels show the sky above the horizon in the altitude-azimuth coordinate system. Azimuth of 0 • points towards north, the local zenith is at the center and the radial axis shows zenith angle in degrees. The location of the Sun for the mid point of the observing period is marked on all the panels. The contours show the MWA beam from the top panel at values of 90%, 9% and 0.9%. averaged over sufficiently large patches in the sky, can be described simply by a spectral index, α, typically defined in temperature units as T ∝ ν α . The α can vary from one part of the sky to another so, in principle, one needs an all-sky α map to account for its variation across the sky. In practice, when averaged over the large angular scales corresponding to fields-of-view of low frequency elements (order 10 3 deg 2 ), α converges to a rather stable value. There have been a few independent estimates of the spectral index of the Galactic background radiation and its variation as a function of direction (Lawson et al., 1987; Rogers & Bowman, 2008; Guzmán et al., 2011) . The most recent of these studies computed a spectral index between 45 MHz and 408 MHz. It concluded that over most of the sky the spectral index is between 2.5 and 2.6, which is reduced by thermal absorption in much of the |b| < 10
• region to values between 2.1 and 2.5. This study also provided a spectral index map. Here we work with only one pointing direction which is chosen to avoid the Galactic plane and use α = −2.55, which is appropriate for this direction. The middle panel of Fig. 1 shows the model sky at 238 MHz derived from the Haslam et al. (1982) 408 MHz map.
Computing T Sky and T b, Sky
Once T Sky (s) and P N (s) are known, T Sky can be computed using Eq. 6. Computing T b, Sky requires choosing a baseline. The integrand in Eq. 4 includes a phase term which is responsible for a given baseline averaging out the spatially smooth part of the emission in the beam. For this application, the ideal baselines are the ones which are short enough for a source approaching 1
• to appear like an unresolved point source (Sec. 3.6), while the contribution of the smoothly varying Galactic emission drops dramatically as it gets averaged over multiple fringes of the phase term in Eq. 4. The heavily centrally condensed MWA array configuration provides many suitable baselines. The cosine part of the phase term mentioned above is shown in the bottom panel of Fig. 1 for an example baseline. Table 1 lists the T b, Sky for all the different frequencies considered here for this baseline.
Choice of angular size of Sun
While S ⊙ can be computed unambiguously in this formalism, computing T ⊙ requires an additional piece of information, Ω ⊙ (Eq. 11). The MWA data can provide the images from which Ω ⊙ can, in principle, be measured. Deceptively, however, this involves some complications. Given the imaging dynamic range and the resolution of the MWA, the Sun usually appears as an asymmetric source with a somewhat complicated morphology. This rules out the approach of fitting elliptical Gaussians to estimate the radio size of the Sun used in some of the earlier work (e.g. McLean & Sheridan, 1985) . Associating an angular size with such a source requires one to define a threshold and integrate the region enclosed within this contour to give the angular size of the Sun. The solar emission at these frequencies comes from the corona and this emission does not have a sharp boundary. The choice of the threshold is, hence, bound to be somewhat subjective. Also, as mentioned in Sec. 1, a key objective of this work is to develop a technique which is numerically much less intensive than interferometric imaging, so we cannot expect these solar radio images to be available.
In absence of more detailed information, our best recourse is to assume the Sun to be effectively a circular disc with a frequency dependent size given by the following empirical relationship (Stephen White; private communication):
where θ ⊙ is the expected effective solar diameter in arcmin and ν GHz , the observing frequency in GHz. The solar radio images are well known to have noncircular appearance and their equatorial and polar diameters can be different by as much as 30% at metre wavelengths (e.g. Lantos, et al., 1992; Mercier & Chambe, 2012) . θ ⊙ represents an effective diameter yielding the same surface area as the true solar brightness distribution. Values of θ ⊙ are tabulated in Table 2 . While the solid angle subtended by the Sun is expected to vary with the presence of coronal features like streamers and coronal holes, and the phase of the solar cycle, this expected variation is only a fraction of its mean angular size. Additionally, we note that the active emissions are usually expected to come from compact sources, so in presence of solar activity, this leads to a large underestimate of the true T ⊙ for active regions. In spite of these limitations this approach provides very useful estimates of T ⊙ , especially for the quiet Sun.
Choice of MWA pointing direction
The MWA tiles are pointed towards the chosen direction in the sky by introducing appropriate delays between the signals from the dipoles comprising a tile. These delays are implemented by switching in one or more of five independent delay lines, which provide delays in steps of two, for each of the dipoles (Tingay et al., 2013) . A consequence of this discreteness in the delay settings is that all the different signals can be delayed by exactly the required amounts only for certain specific directions. These directions are referred to as sweet spots and the MWA beams are expected to be closest to the modeled values towards these directions. For this reason, for solar observations we point to the sweet spot nearest to the Sun, rather than the Sun itself. For the data presented here, the nearest sweet spot was located at a distance of 4.18
• from the Sun and implies that P N is not unity towards the direction of the Sun. Figure 2 plots the value of P N towards the direction of the Sun as a function of frequency for both the polarizations. The pointing center was also used as the phase center for computing the crosscorrelations. We account carefully for the loss of flux on the short baselines due to this, using our chosen model for solar radio emission (Sec. 3.5). The amplitude of the integral over the phase term in Eq. 4 over a circular disc of size given by Eq. 14 located with an appropriate offset with respect to the phase center measures the solar flux picked up by a given baseline. This quantity is also shown in Fig.  2 as a fraction of the flux recovered by some example baselines as a function of frequency. Both of these effects are corrected for in all subsequent analysis. 
Results
To provide an estimate of the magnitudes of the different terms in Eq. 9, Table 1 lists representative values of these terms for all the ten observing bands spanning 100-300 MHz for the XX polarization for the baseline Tile011-Tile022. Figure 3 shows the dynamic spectra for S ⊙ for the bands listed in Table 1 . As the bulk of the emission at these radio frequencies is thermal emission from the million K coronal plasma, the broadband featureless emission is not expected to have significant linear polarization. The consistency between T ⊙,P computed for the XX and the YY polarizations, for all the ten spectral bands, is demonstrated in Fig 4. The availability of many MWA baselines of suitably short lengths provides a convenient way to check for consistency between estimates of T ⊙,P from different baselines. Here, we consider all six baselines formed between the following four tiles -Tile011, Tile021, Tile022 and Tile023. Table 2 shows the mean of the various parameters of interest over these six baselines, and RMS of these values computed over these baselines. Figure 5 shows a comparison of the T ⊙,P computed using the data for the same polarization (XX) for these baselines. The variations in the median values of these histograms of ratios of T ⊙,P measured on the same baselines are shown as a function of frequency in Fig 6, Tile011-Tile022 / Tile021-Tile022 Tile011-Tile022 / Tile021-Tile023 Tile021-Tile022 / Tile021-Tile023 Tile011-Tile022 / Tile022-Tile023 Tile021-Tile022 / Tile022-Tile023 Tile021-Tile023 / Tile022-Tile023 Figure 5 . Histograms of the ratio of T ⊙,P measured using visibilities of the same polarization corresponding to the same spectral and time slice but different baselines, for the 167 MHz band.
Uncertainty estimates
The key quantity of physical interest is S ⊙ . The intrinsic measurement uncertainty in S ⊙ due to thermal noise is given by
where T Sys , the system temperature, is the sum of all the terms in the denominator of Eq. 9, A ef f is the effective collecting area of an MWA tile in m 2 (given by λ 2 /Ω P ), and ∆ν and ∆t the bandwidth and the durations of individual measurements, respectively. For the data presented here, δS ⊙,T h lies in the range 0.02-0.06 SFU ( Table 1 ). The uncertainty in S ⊙ due to thermal noise is at most a few % and usually <1%. Figure 7 shows S ⊙ , δS ⊙,T h and δS ⊙,Obs , the observed RMS on S ⊙ , as a function of ν. δS ⊙,Obs exceeds δS ⊙,T h by factors ranging from a few to almost two orders of magnitude, even during a relatively quiet times. This establishes that δS ⊙,Obs is dominated by intrinsic changes in S ⊙ and demonstrates the sensitivity of these observations to low level changes in S ⊙ .
In addition to the random errors discussed above, estimates of S ⊙ will also suffer from systematic errors. In fact, the uncertainty in the estimate of S ⊙ , δS ⊙ , is expected to be dominated by these systematic errors. Following the usual principles of propagation of error and assuming the different sources of errors to be independent and uncorrelated, we estimate δS ⊙ considering the various known sources of error. Rearranging Eq. 9, the primary measurable, T ⊙,P , can be expressed as: and δT ⊙,P,Abs the absolute error in, T ⊙,P , is given by:
SOLA: manuscript-V1.tex; 7 August 2018; 10:31; p. 13 Figure 7 . The measured values of mean S ⊙ from Table 2 are shown by the central black line. The red shaded region around it, only barely visible at the lowest frequencies, shows the 1σ uncertainty due to theoretical thermal noise, δS ⊙,T h , which is <1% of S ⊙ at higher frequencies. The darker blue shaded region shows the 1σ uncertainty due to the observed RMS, δS ⊙,Obs from Table 1 . The light blue region shows the 1 σ uncertainty in absolute value of S ⊙ after taking into account the known sources of systematic errors, δS ⊙,Abs .
where the pre-fix δ indicates the error in that quantity. δS ⊙,Abs can be computed from δT ⊙,P,Abs using an equation similar to Eq. 10, though it is more convenient to discuss the different error contributions in temperature units. For the MWA tiles used here, a generous estimate of δT Rec is about 30 K. Due to effects like change in the dielectric constant of the ground with the level of moisture and uncertainties in modeling, δT P ick−up is expected to be about 50%. Prior work has estimated the intrinsic error in sky brightness distribution at 408 MHz from Haslam et al. (1982) to be about 3% (Rogers et al., 2004) . Scaling T Sky using a spectral index leaves the fractional error unchanged. Averaging over a large solid angle patch, as is done here, is expected to reduce it to a lower level. Due to antenna-to-antenna variations, arising from manufacturing tolerances and imperfections in instrumentation, and the tilt and rotation of the antenna beams due to the gradients in the terrain, the true P N (s) will differ at some level from the model P N (s) used here. These errors in P N (s) become fractionally larger with increasing angular distance from the beam center. Hence, they are less important for the location of the Sun which lies close to the beam center. These variations have recently been studied in detail by Neben et al. (2016) . They estimate the net uncertainty due to all the causes considered to be of order ±10-20% (1σ) near the edge of the main-lobe (∼20
• from the beam center) and in the side-lobe regions. At such distances from the beam center, P N (s) drops by factors of many to an order of magnitude and can be expected to contribute an independent error of a few percent. As the intrinsic uncertainties in the sky model and the P N (s) cannot be disentangled in our framework, we combine them both in the δT Sky term and regard it to be about 5%. Given that the geometry of the baseline is known to a high accuracy, δT b,Sky is primarily due to δT Sky , which is discussed above. We assume it to scale similarly to δT Sky and set it to 5%.
The δS ⊙,Abs , based on the uncertainties discussed above is shown in Fig 7. To obtain a realistic estimate, the observed value of δr N,⊙ from Table 1 was used. Including the known systematics pushes δS ⊙,Abs to 10-60%, for most frequencies, and generally increases with frequency.
6. Discussion
Flux estimates
This technique estimates S ⊙ to lie in the range from ∼2-18 SFU in the 100-300 MHz band (Figs. 3 and 7, and Tables 1 and 2 ). Being a non-imaging technique, S ⊙ measures the integrated emission from the entire solar disc. For the values listed in Tables 1 and 2 we use a period which shows a comparatively low level of time variability, or a comparatively quiet time. These values compare well with earlier measurements (e.g., McLean & Sheridan, 1985) . The spectrum shown in Fig. 7 peaks at about 240 MHz, in good agreement with theoretical models for thermal solar emission (Martyn , 1948; Smerd , 1950; Chambe, 1978) . Independent solar flux estimates are available from the Radio Solar Telescope Network (RSTN) at a few fixed frequencies, one of which lies in the range covered here. The 245 MHz flux reported by Learmonth station in Australia, in the same interval as presented in Table 1 , is ∼18 SFU. The nearest frequency in our dataset is 238 MHz, at which we estimate flux density of 17.1±0.2 SFU. Though our measurements are simultaneous they are not at overlapping frequencies. The period for this comparison was chosen carefully to avoid short-lived emission spikes which often do not have wide enough bandwidth to be seen across even nearby frequencies simultaneously. A description of the analysis procedure followed at RSTN and the uncertainty associated with these measurements is not available in the literature, though the latter is expected to be about 2-3 SFU (private communication, Stephen White). Given the associated uncertainties, these measurements are remarkably consistent.
Polarization
The bulk of the data in Fig. 4 clearly follows the x=y line, as is expected for unpolarized thermal emission. To minimize geometric polarization leakage, the observations presented here were centered at azimuth of 0
• . At the low temperature end, the distribution of data points around the x=y line shows a larger spread, which is reduced at higher temperatures. The lower temperature measurements come from lower frequencies and this is a manifestation of fractionally larger δS ⊙,T h , or poorer SNR, in this part of the band. A gradual improvement in the tightness of the distribution along the x=y line is observed as the measured temperature increases and SNR improves with increasing frequency. Table 1 shows that data corresponding to quiescent emission lies in the range 50-500 K. Table 1 . Measured values of one of the baselines (Tile011-Tile022). 1 Mean and RMS of the measured quantities refer to the mean and RMS for the respective quantities measured over the six baselines considered here.
The data points lying at higher temperatures come from the type III-like event close to the start of the observing period and the numerous fibrils of emission seen at some of the higher frequencies (Fig. 3) , which are not assured to be unpolarized. The bulk of the points farther away from the x=y line lie beyond 500 K. For even the thermal part of the emission, the three highest frequencies do show a systematic departure from the x=y line, which is yet to be understood. Similar behavior is seen for other baselines which were studied.
Comparison across baselines
To build a quantitative sense for the uncertainty in the estimates of T ⊙ , we examine the ratios of T ⊙,P measured on different baselines (Figs. 5 and 6 ). The histograms of this ratio are symmetric and Gaussian-like in appearance. At the frequency band where the widest spread is seen (167 MHz), the medians of these histograms lie in the range 0.8-1.2. For many of the frequencies this spread is larger than the expectations based on the widths of these Gaussians. The ratios of baseline pairs exhibit smooth trends, as opposed to showing random fluctuations. The observed spread is likely due to the systematic effects which give rise to antenna-to-antenna differences, and were not accounted for in the analysis. Table  2 lists the mean and rms values of various quantities of interest over all six baselines. The RMS in the estimates of S ⊙ due to these systematic effects across many baselines (Table 2 ) is usually less than that due to the intrinsic variations in S ⊙ on a given baseline (Table 1) . It is usually a few percent or less and the largest value observed is about 8%.
Uncertainty analysis
An analysis of various known sources of systematic errors lead to an uncertainty in the absolute values of S ⊙ estimated not exceeding ±60%, except at 240 MHz, where the value is larger due to the much larger variation in δr N,⊙ (Fig. 3 , Table  1 and Sec. 5). The observed baseline-to-baseline variation is significantly smaller than this uncertainty estimate (Fig. 7) . This suggests that at least some of the values for uncertainties in the individual parameters of the system considered in Sec. 5 are over-estimates. We also note that the uncertainty in relative values of S ⊙ from a given interferometric baseline, which is determined primarily by the δS ⊙,T h , is much smaller than that in its absolute value. These measurements, hence have the ability to quantify variations in the observed values of S ⊙ , as small as about a percent.
Conclusions
We have demonstrated that this technique provides a convenient and robust approach for determining the solar flux using radio interferometric observations from a handful of suitable baselines. It is much less intensive in terms of the data (<0.1% in the case of MWA), and the human and computational effort it requires, when compared to conventional interferometric analysis. It provides flux estimates with fair absolute accuracy and can reliably measure relative changes of order a percent. As it provides flux estimates at the native resolution of the data, this technique is equally applicable for quiet and active solar emissions. Further, on assuming an angular size for the Sun, this approach can also provide the average brightness temperature of the Sun. Good solar science requires monitoring-type observations, where a given instrument observes the Sun for the longest duration feasible every day of the year. However, given the enormous rate at which data is generated by the new technology low radio frequency interferometers and the requirements of solar imaging to maintain high time and spectral resolution in the image domain, it is currently not possible for the conventional analysis methods to keep up with the rate of data generation. Efficient techniques and algorithms need to be developed not only to image these data, but also to synthesize the information made available in the 4D image cubes in a meaningful humanly understandable form. In the interim, algorithms like the one presented here enable some of the novel and interesting science made accessible by these data. For wide-band low radio frequency observations, which are increasingly becoming more common, this technique will allow simultaneous characterization of the coronal emissions over a large range of coronal heights. This technique can naturally be implemented for other existing and planned wide field-of-view instruments with similar levels of characterization, like LOFAR, LWA and SKA-Low. Amenability of this technique to automation will enable studies involving large volumes of data, which will, in turn, open the doors to multiple novel investigations addressing fundamental questions ranging from variations in the solar flux as a function of solar cycle to quantifying the short-lived narrow-band weak emission features seen in the wideband low radio frequency solar data and exploring their role in coronal heating.
